The first known fully polarimetric airborne synthetic aperture radar (SAR) data set of sea ice is introduced. Images were acquired in the Beaufort, Bering and Chukchi seas in March 1988, during a campaign for validation of Defense Meteorological Satellite Program Special Sensor Microwave Imager radiometer ice products. Statistics of the magnitude, phase and polarization of complex backscattered signals recorded by the Jet Propulsion Laboratory three-frequency SAR are examined in detail for various scenes with different ice characteristics. The full Stokes matrix information generated from C, L, and P band data characterize the scattering behavior of different ice types. Polarization ratios and phase differences between linear copolarized returns are used for discrimination between particular image features and mechanisms are suggested for the observed polarimetric characteristics. Results indicate that combinations of frequency and polarization enhance current capability to distinguish ice of different properties using single frequency, fixed polarization microwave radar. A specific example is the polarimetric identification of new ice formation which may not be easily distinguished in ERS-1 5.3GHz, VV polarization SAR data. Such findings are consistent with theoretical model simulations of scattering characteristics of sea ice. Overall, these preliminary results demonstrate that radar polarimetry will likely add a new dimension to our current capability for extracting geophysically important ice variables using radar remote sensing methods.
INTRODUCTION
The formation of sea ice plays a delicate role in modulating both regional and global climate because of its effect upon the surface heat exchange between atmosphere and ocean. Sea ice markedly alters the surface albedo, modifies the surface roughness, and insulates the ocean from the atmosphere. During ice formation and growth, the effects of brine rejection play an important part in modifying the salinity and buoyancy of water masses. Hence sea ice affects the radiant Our purpose in this paper is to present some of the first examples of multifrequency, polarimetric SAR data for sea ice together with an initial examination of signature variations within and between apparently different ice types in the images. From the observations, we identify regularities in the signatures as well as variations that may be useful for remote sensing of geophysically interesting quantities. We begin in the next section with an overview of the locations and conditions under which the data were acquired. Following this is a brief review of polarimetry, including precise definitions for the signatures we compute and use to compare different types of ice. We then examine signatures as a function of apparent ice type, such as old ice, thick first-year ice and leads; apparent ice type is determined by visual interpretation of the SAR images. In some cases, ancillary information such as airborne passive microwave imagery and some very limited ground observations are available to aid interpretation, while in others previous experience with SAR imagery is the only guide available. In the discussion section we compare signature variations across ice types as functions of frequency and highlight variations which require further investigation.
2.
POLARIMETRY DATA SET
Background
During March 1988, multifrequency SAR polarimetric data were acquired over Beaufort, Chukchi, and Bering Sea ice using the NASA DC-8 airborne laboratory [Cavalieri, 1988] . Radar polarimetry refers here to an instrumental technique which allows determination of the complex backscatter coefficients of radar echoes for all transmit and receive polarization states. High-resolution, imaging polarimetry, such as that discussed in this paper, enables the measurement of the received amplitude and phase of echoes at all polarizations. The Jet Propulsion Laboratory (JPL) airborne SAR (AIRSAR) operates simultaneously at P, L, and C band (i.e., at wavelengths of h = 0.68, 0.24, and 0.056 m), transmitting and receiving from separate antennas in four linear polarization combinations, and digitally recording the complex scattered wave (see Table 1 signature of every resolution element of an image, thus providing a greater capability for target discrimination than was the case previously using conventional SAR data and related image analysis techniques.
Scene Locations
Image data discussed in this paper are scenes which typify the ice conditions which were present in the Beaufort Sea and the Bering Sea in March 1988 (Figure 1 ). These images highlight a variety of ice types which contribute to the signatures described in the following sections. [ 1989] . These records provide the most reliable description of the mesoscale meteorological conditions in the region where aircraft remotely sensed data were acquired. On March 11, scenes 137 and 183 were taken on a flight leg extending northeastward from the coast of Alaska to the northern tip of Ellesmere Island [Cavalieri, 1988; Cavalieri et al., 1991] . The location of APLIS '88 (from Global Positioning System) at the times of the data acquisition, was approximately 72ø40'N, 143ø42.57'W, and thus the distance of the two Beaufort Sea scenes from the ice camp is approximately 80 km and 148 km, on bearings of 39 ø and 28 ø, respectively. Wind speeds on March 11 at the ice camp reportedly varied between 1 and 5 m s -] from the south ], due to a low-pressure system located over central Alaska. Air temperatures fluctuated between -12 ø and -18øC on March 11, while the mean temperature over the preceding 4-day period was -16øC. Two brief periods of temperatures below -25øC were experienced on March 3-5 and March 8. The weather station did not automatically record air pressure at this stage, but weather charts indicate pressures between 1000 and 1020 mbar in the region, which corresponded with a northeastward extension of a low pressure system tracking over central Alaska. APLIS '88 investigators noted the characteristics of the sea ice in their vicinity. Multiyear ice was commonly snow covered and hummocked to amplitudes of 6.0 m. First-year ice separating these MY floes had thicknesses ranging from 1.5 m to 2.4 m and typically had a dry snow cover of variable depth with a mean of 15 cm . Subsurface conditions were noted by divers during APLIS '88, and crude measurements resulted in the conclusion that ice growth rates in the FY ice areas were spatially quite variable. Underside topography resulting from this variability demonstrated sinuosoidal undulations with amplitudes of 3.7 cm and wavelengths of 8.5 m, with uniformity of both wavelength and orientation. Bottom roughness appeared to correspond with surface snow features such as sastrugi or snow dunes and is thought to result from the modulation of freezing rates as a function of the insulating snow cover . Congelation ice growth rates beneath flat portions of the FY ice were about 0.5 cm d-l. The underside of deformed FY sea ice contrasted markedly with that of older ice surviving the summer melt. Keels only a few months old in the young ice retained their original structure with randomly oriented blocks of ice, while their older counterparts in MY ice were commonly polished and rounded, lacking any recognizable signs of block structure. Northerly winds had a significant impact upon ice conditions imaged in many areas during the latter part of the experiment (see Figure 1 for In order to utilize variations in the aforementioned polarimetric quantities for target characterization purposes, one must consider the accuracy of the radar measurements. In polarimetric measurements, gain imbalance and cross talk (leakage) between the H and V polarized radar channels would affect the polarimetric ratios, whereas uncertainty in the phase relationship between channels of the radar can lead to offset in the relative phase measurements. In the absence of external calibration targets (targets with known polarimetric ratios), it is difficult to determine the between-scene performance of the instrument. This is especially true of SAR imaging in remote drifting sea ice regions, where deployment of such targets is a logistically difficult task. The available information on the polarimetric characteristics of the radar flown in the 1988 Alaska campaign indicate that the instrument was quite stable at L band, although less so at C and P bands. Polarimetric calibration of the radar was assessed by Freeman [1990] during an overflight of trihedral corner reflectors deployed on March 13 near Fairbanks, Alaska. From trihedral measurements, the gain imbalance (i.e., rHH/VV offset) between the two copolarized channels was 1.8 dB and -0.6 dB for C and L bands, respectively. Cross-channel isolation r HH/HV of C and L bands were 27 dB and 17 dB, respectively, and this affects the sensitivity of the cross-polarized (HV) returns from the sea ice. The relative stability of the C and L band radars is borne out by the relative consistency of the polarimetric measurements over FY and MY ice during the campaign. The performance of the P band polarimeter was uncertain owing to the low cross sections of the trihedrals at this wavelength and was not assessed during the March 13 experiment described by Freeman [1990] 
Polarization Signatures and Statistics
From the Stokes matrix data the polarization signature of any given sample window can be synthesized . Though the complex signals are recorded at the fixed combinations of polarization described in Table 1, Table 3 ). Small values of 'y and high values of f•, demonstrate that there is some degree of homogeneity in the scattering mechanisms within sampled targets, that multiple scattering appears to be of secondary importance, and also that the signal-to-noise ratio of the measurements is large.
POLARIMETRIC SIGNATURES OF SEA ICE
In this section, we examine the polarimetric signatures at P, L, and C bands as functions of apparent ice type. This method is designed to illustrate the within-class similarity (or variability) in signatures extracted from various targets with the same apparent image characteristics. Then we further examine the between-class variability of signatures, to indicate the unique characteristics of some of the signatures, and ways in which ice classes may be discriminated using polarimetric statistics. For the purposes of illustration, the three-frequency images shown in Plates 1-3 will be used to extract signature examples.
Prior to data analysis it was imperative to establish the noise floor of the instrument, and the degree to which polarimetric signatures from 1ow-backscatter features could be influenced by system noise. Table 2a are representative of the ice imaged, the approximate dielectric properties in Table 2b can be used to estimate the maximum penetration depth within the sea ice. A propagation distance in MY ice can be calculated, for which the incident intensity is reduced by e-• [ depth of several meters. The old ice is relatively pure, and since the dielectric constant of freshwater ice is essentially independent of frequency in the microwave range, this value would apply at each frequency. More realistically however, absorption losses due to minor impurities residing within the ice are likely to reduce penetration to the order of a few meters at P and L band. In the case of C band the size of small inclusions and bubbles within the upper layers of old sea ice becomes significant, and scattering losses will lead to reduced penetration depths of less than 1 m.
Figures 4a and 4b show the distributions of rHH/VV and A&HH-VV, computed for each pixel (each pixel in the standard compressed data format is a nominal four-look average). In the case of the co-polar phase, we have binned the resulting data into 10 ø intervals for purposes of clarity in plotting the distributions. Recall from section 3 that our estimated precision for A&HH-VV is 5 ø. Table 4 gives the mean and standard deviations computed directly from the (unbinned) data to within 1ø, allowing the reader to judge the significance of differences in light of the estimated precision.
The immediate impression from these plots is the similarity in signatures between old ice regions, whether the regions occur in the same or separate images. At C band, the HH and VV backscattered power from MY samples within the same image varies by only 3 dB and 2.5 dB, respectively, while at L band the variability in the same channels is a fraction of a decibel. In Figure 4a one sees that the distribution of rHi•VV is consistently broader at C band than at L or P band, and in fact that many pixels display a ratio rHI•VV > 1. That is, for many pixels the backscattered intensity at HH polarization is greater than that at VV polarization. Though the mean of the individual pixel ratios/XHH/VV is less than 1 (see Table 4 ), the mean ratio at C band remains considerably higher than those for the two lower-frequency bands. Table 4 . The model used is that of first-order Bragg rough surface scattering (i.e., conventional first-order perturbation theory) with a homogeneous half-space of material below the rough ice surface having relative permittivity e r = 2.9 -j0 (see Table 2b ). Although data on the permittivity of old ice are scarce, this value is reasonable in light of previous work, and the results are quite insensitive to changes in permittivity of even 10% [Winebrenner et al., 1989 ]. The ratio rH}•VV is independent of surface roughness in first-order Bragg scattering [Winebrenner et al., 1989 ] and thus depends only on e r and 0. The values shown in Figure 4 and Table 4 are those computed at incidence angles corresponding to the centers of each study region. The mean copolar ratio /.LHH/V V is within 1 standard deviation of the Bragg scattering prediction at each frequency. However, Bragg scattering seems unlikely to be a good explanation for the values observed at C band because of the consistency with which mean values exceed the theoretical value. The HH/VV ratio computed by averaging HH and VV over the study region and computing of the ratio of mean (ensemble averaged) powers is also much larger than Bragg scattering can explain. The measured HH/VV channel offset at C band (see section 3) is not large enough to reconcile the measurements with Bragg scattering theory. However, a contribution from volume scattering from air bubbles in the upper layer of old ice would produce a shift of raarvv toward 1 [Winebrenner et al., 1989] . Indeed, it is widely thought that this is precisely the mechanism causing the bright return from old ice at C band. Thus this C band observation is at least qualitatively consistent with what is generally known about scattering from old ice [Onstott et al., 1987] . From all available examples of MY ice at this wavelength (11 independent samples) the cross-polarized (HV) backscatter is on average 11.2 dB and 9.8 dB below the VV and HH backscattered power levels, respectively.
The mean value of rHH/VV at L band is within 8.1% of the Bragg scattering prediction ?HH/VV at each frequency. This is consistent with the conventional view that the air bubbles in old ice are too small to scatter efficiently at L band and that backscattering from old ice at this frequency is due mostly to scattering from small-scale surface roughness. The mean value of rnn/vv at P band is consistently slightly greater than that at L band,though the significance of this is somewhat questionable given the unknown HH-VV channel offset at P band (see section 3). The resulting HV backscatter at L-and P-bands is some 17.1 and 19.6 dB below the VV-polarized backscattered power level. In addition, the mean HV/HH ratio is -13 dB, which is consistent with previous modeling efforts to simulate volume scattering from bubbly low-loss On the basis of dielectric values given in Table 2 , several estimates of the frequency-dependent penetration depths are made. For first-year ice it is assumed that scattering losses due to bubbles can be ignored, and so the values are based upon absorption alone [Onstott et al., 1987] . The calculation leads to a range of estimated penetration depths in thick first-year ice of between 8 cm and 60 cm, for C band through P band, respectively. The equivalent range for new ice is between 5 cm and 32 cm for the shortest to longest wavelengths, respectively. Estimated penetration depths at L band fall between these two values in each case. One further assumption is that in the case of the thick ice the snowcover is essentially dry and transparent to microwaves at these frequencies. The surface characteristics of the thin, young sea ice in the later examples are unknown, but the surface may comprise a highly saline layer of slush, frost flowers, or salt flowers [Drinkwater and Crocker, 1988] , thereby significantly reducing the penetration depth.
Thick first-year ice. Consider first the ratios rim/vv in regions 137-2, 183-1, and 183-4 (see Figure 5a and Table 4 ). Table  4 old ice, these mean ratios are considerably larger than those observed for old ice. Such large values are difficult to explain within the framework of the conventional small-perturbation backscattering from slightly rough FY ice. If we assume backscattering from the rough snow-ice interface to be dominant, due to attenuation and lack of volume scatters for C band radiation in FY ice, the horizontal and vertical dimensions of surface roughness elements must be larger than expected relative to the wavelength scale (5.6 cm at C band). Rough surface scattering simulations using the Kirch- By contrast to the Beaufort Sea situation at C band, the mean ratios/-•HH/VV at L band are more consistent with those predicted by Bragg scattering, and the HH typically is lower than the VV backscattered power by about 3.2 dB. Similarly, the recorded cross-polarized (HV) returns are an average of -15.7 dB below the VV power. As in the case of old ice, tx}m/vv at P band (-1.8 dB) is somewhat larger than those at L band, but again the significance of this observation may be small given the uncertainties in P band channel offsets. Note also that the standard deviation •../vv in the observed distributions at L and P bands is much larger for TFY than for old ice. We can offer no immediate explanation for this, but point it out as a stimulus for further work.
For comparison, theoretical values of rim/vv are computed on the basis of Bragg scattering theory for ice of effectively infinite thickness (i.e., of thickness greater than the penetration depth). These values are shown in parentheses in
In comparison with the thick Beaufort Sea FY ice, the L band distributions in Figure 6 from 260-1 and 260-4 in the Bering Sea are not so consistent with Bragg scattering. Instead, the predicted ratios ? H./VV in Table 4 The behavior of the copolar phase difference Aqbnn-vv at C band is similar for TFY and old ice (Figure 5b) . The standard deviations of the phase distributions at C band (Table 4) By contrast, the behavior of Aqbnn-vv at L and P bands differs somewhat between Beaufort Sea ice types, in that the width of phase distributions is much broader for TFY ice than for old ice (see Figures 4b and 5b) . The sample standard deviations vary by roughly a factor of 3 in most cases. (Table 4) Table 4 we have shown theoretical ratios b}m/vv in parentheses computed in a similar fashion to those in previous sections, assuming a bulk ice temperature of -8øC and salinity of 15%o (Table 2) (Figure 7) demonstrates a mean L band ratio which is predicted exactly by Bragg scattering theory. However, in contrast it has a rather low fractional polarization. Table 3 indicates that 260-3 has the lowest L band value of fp observed throughout the data set, and further investigation of the imagery reveals that the surface has considerable structure to it. The accompanying high value of y = 0.09 in Table 3 is an additional indication that the sample includes pixels with rather different scattering properties. This surface may therefore have patches of wet and dry surface which cause some depolarization of the scattered signal.
Variations in &HH-VV from region to region
Mean copolar phase differences at C band in There are, however, significant differences between these values and those recorded for Beaufort Sea TFY ice, and it is concluded that there must be significant structural differences between the two. Variations in phase difference spread at L band are supposedly linked with the relative dominance of a particular scattering mechanism and the fabric of the surface medium and they warrant further investigation.
DISCUSSION
The preceding sections summarized the polarimetric behavior of each ice type in the three frequencies. Attempts to correlate the observations with the expected microwave responses of the ice types were provided and will not be reiterated here. Here we examine and summarize the salient features observed in the polarimetric measurements of each main ice type at each frequency. Figure 10 shows the polarimetric signatures of the four dominant ice types (MY ice, thick FY ice, and the two subcategories of thin young FY ice) at C, L, and P band. In each summary plot, all Beaufort Sea sample points from Table 4 The behavior described above is also observed to some degree in the other polarimetric parameters. At C band, the observed variability in the tai-Ii-I/VV measurements in MY ice is mirrored in the standard deviation of the copolar phase differences, tr•bi-ii-i-vv (Figure 10b ). This range of variability of around 28 ø at C band is considerably higher than is observed in the other ice types at this wavelength (with the only equivalent spread occurring in TFY ice samples at L band). Such C-band variability could be due to the sensitivity of the shorter wavelengths to anisotropy of inhomogeneities in this volume scattering medium. Generally, if the C-band MY ice points are excluded, the standard deviation of phase difference measurements show increases from MY to TFY to ThFYa ice (i.e., with decreasing ice thickness). Also, excluding the high L band value of 62.99 ø in the thick first-year ice group (which was attributed in the preceding section to ridged ice), the measurements for these three categories generally indicate a negative spectral trend (i.e., decreasing tr•bi-ii-i_vv with increasing wavelength). In direct contrast, the ThFY ice signatures in subcategory b of Figure  10b show a reversed positive spectral trend from the other classes, with an increase in tr4•i-Ii-I-VV with increasing wavelength.
The fractional polarization shown in Figure 10c stays relatively constant over all ice types at L or P bands; however, this parameter is considerably lower in the old ice at C band. A dramatic increase is observed in the transition from C band to the lower frequencies in both MY and thick FY ice. It is interesting to point out that this does not apply in the case of new ice, where the fractional polarization is high in those areas of anomalously bright returns.
It can be seen therefore that there is good separability between these polarimetric features (tai-Ii-I/VV, tri-Ii-I-VV and oep). From a discrimination point of view these are significant characteristics that could be utilized for separation of different ice types. At this stage it is dilficult to explain why the L band copolar ratio variability changes so dramatically between ice type, although there appears to be some relationship with apparent ice thickness. 
CONCLUSIONS
We have presented a sample of sea ice observations from an examination of the multichannel SAR data set acquired in At this stage of these early investigations, results suggest that such a polarimetric SAR tool will advance our current ability to extract sea ice geophysical information from microwave images. The P band radar is a particularly interesting addition to the arsenal of instruments for use in microwave remote sensing studies of sea ice because of its increased penetration into more saline ice, and thus warrants further detailed studies. It is imperative, though, that future experiments be conducted in order to coordinate surface measurement with airborne data acquisition, so that the techniques being developed to extract information from polarimetric SAR images can be validated. These experiments should, in light of recent experience, incorporate a comprehensive field calibration exercise in order to remove cross-channel imbalances and phase offsets and to obtain absolute values of •r ø.
Obviously, other polarimetric features can be explored for characterizing the microwave scattering behavior of sea ice, beyond those utilizing contemporary microwave data which are limited in both frequency and polarization. It is recognized that more work is required in view of the interesting observations and peculiarities that this analysis has provided. Future investigations should incorporate detailed comparisons between the results of theoretical model predictions and the observed polarimetric signatures. Such analyses will highlight geophysical properties of sea ice which have unique polarimetric attributes.
